In vitro synthesis of Rous sarcoma virus DNA by the virion endogenous DNA polymerase activity is initiated on a tRNAtrP primer located near the 5' end of the genome. A major product of such synthesis is a piece of DNA 101 nucleotides long (strong stop DNA) which can be isolated covalently bound to the tRNA primer. Here we show that the strong stop DNA is complementary to the extreme 5' end of the genome. We also show that the 5' and 3' termini of the Rous sarcoma virus genome, excluding the cap and the poly(A), have the identical sequence. We propose that the function of this sequence is to facilitate elongation from the 3' end of DNA chains initiated elsewhere on the virus genome. RNA tumor viruses replicate through a DNA intermediate (provirus) that is synthesized shortly after infection, integrated into the host genome, and transcribed to give progeny RNA molecules (1). Viral DNA can be synthesized in vitro by using either the endogenous DNA polymerase activity of disrupted virions (2, 3) or systems reconstituted from pure RNA and DNA polymerase (4-6). A major fraction of the DNA products of such in vitro reactions, synthesized under a defined set of reaction conditions, is a set of DNA molecules of discrete length (5). The longest of these discrete molecules are transcripts of the entire genome (5-7). In the case of Rous sarcoma virus (RSV), all or most of this in vitro DNA synthesis is initiated with a tRNAtrP primer (8) that is located near the 5' end of the genome (9). The majority of the DNA products of discrete length share a common initiation sequence, and the shorter molecules are the 5'-terminal portions of the longer sequences (5). More than 20% of all the DNA molecules initiated at the tRNA primer terminate at a site 101 bases away. Here we show that this 101-nucleotide-long DNA species, called strong stop DNA, is synthesized from the extreme 5' end of the RNA genome and is a DNA copy of the RNA from the primer binding site to the capping group (10, 11) at the end of the genome.
ABSTRACT
In vitro synthesis of Rous sarcoma virus DNA by the virion endogenous DNA polymerase activity is initiated on a tRNAtrP primer located near the 5' end of the genome. A major product of such synthesis is a piece of DNA 101 nucleotides long (strong stop DNA) which can be isolated covalently bound to the tRNA primer. Here we show that the strong stop DNA is complementary to the extreme 5' end of the genome. We also show that the 5' and 3' termini of the Rous sarcoma virus genome, excluding the cap and the poly(A), have the identical sequence. We propose that the function of this sequence is to facilitate elongation from the 3' end of DNA chains initiated elsewhere on the virus genome. RNA tumor viruses replicate through a DNA intermediate (provirus) that is synthesized shortly after infection, integrated into the host genome, and transcribed to give progeny RNA molecules (1) . Viral DNA can be synthesized in vitro by using either the endogenous DNA polymerase activity of disrupted virions (2, 3) or systems reconstituted from pure RNA and DNA polymerase (4) (5) (6) . A major fraction of the DNA products of such in vitro reactions, synthesized under a defined set of reaction conditions, is a set of DNA molecules of discrete length (5) . The longest of these discrete molecules are transcripts of the entire genome (5) (6) (7) . In the case of Rous sarcoma virus (RSV), all or most of this in vitro DNA synthesis is initiated with a tRNAtrP primer (8) that is located near the 5' end of the genome (9) . The majority of the DNA products of discrete length share a common initiation sequence, and the shorter molecules are the 5'-terminal portions of the longer sequences (5) . More than 20% of all the DNA molecules initiated at the tRNA primer terminate at a site 101 bases away. Here we show that this 101-nucleotide-long DNA species, called strong stop DNA, is synthesized from the extreme 5' end of the RNA genome and is a DNA copy of the RNA from the primer binding site to the capping group (10, 11) at the end of the genome.
The observation that initiation of DNA synthesis in disrupted virions occurs near the 5' end of the genome means that, if the entire genome is to be copied, the growing chain must jump from the 5' end of the genome to the 3' end. One possible mechanism by which synthesis of DNA chains could be initiated near the 5' end of the RNA molecule and then continued from the 3' end would make use of a short terminal redundancy in the viral genome RNA molecule (Fig. 1) . Nascent DNA chains, copied from the region of the RNA between the primer and the 5' end, would contain, at their 3' end, a nucleotide sequence complementary to the 3' end of the viral RNA. This complementary sequence could form a short hybrid with the 3' sequence and thus allow DNA synthesis to continue from the 3' end of the viral RNA.
In this report we present evidence that the high-molecularweight genome RNA 
MATERIALS AND METHODS
Viruses. Prague strain RSV, subgroup B, used as the source of labeled virus RNA, was previously described (13) . Large quantities of purified virus for the preparation of DNA products were obtained from the National Cancer Institute Program of Resources and Logistics. Two-dimensional gel electrophoresis of the RNA of this virus revealed that it was largely or entirely Prague strain RSV, subgroup C (data not shown). This discrepancy does not affect the results of this study because both subgroups have the identical 5'-terminal sequence in that they both contain oligonucleotide 13 (see below) (13, 21) .
Preparation of Viral RNA and DNA. 32P-Labeled 70S RNA was prepared as described (13, 14 Partial Sequence Analysis. Characterization of RNA fractions by two-dimensional gel electrophoresis and analysis of the oligonucleotides was as described (13, 14, 17, 18) .
The 7mGpppGm capping group in RNA fractions was detected as described by Rose (19 (14, 17) . Four principal large oligonucleotides were found among the digestion products (Fig. 3B) . The largest of these corresponded precisely in position and composition of digestion products with RNase A ( Fig. 2 . with RNase T, and analyzed by two-dimensional gel electrophoresis as described (13, 14, 17 Proc. Natl. Acad. Sci. USA 74 (1977) Includes all products yielding only Ap after digestion with RNase A, T1, and T2. § In the case of the RNase A digests of poly(A)-associated material, no product was considered likely to be present only once. The A in the RNase U2 digests must have derived from poly(A), since no products containing two or more A residues followed by a pyrimidine were found in the RNase A digests. Therefore, the amounts of the various RNase A products were calculated relative to the amount of poly(A) determined as the sum of all RNase U2 products containing only A.
of the strong stop DNA, was not found. The sequence of this oligonucleotide is predicted from the complement of the strong stop DNA sequence plus the last two nucleotides of the tRNAtrP primer, although it is uncertain whether the terminal A of the primer is base-paired with the genome RNA (20) . Terminally redundant sequences in RSV If the hypothesis for elongation of strong stop DNA from the 3' end of the genome shown in Fig. 1 is correct, the identical nucleotide sequence should be present at both ends of the RSV genome RNA. Such a sequence must include all or part of the sequence of oligonucleotide 13. To test for the presence of all of oligonucleotide 13 near the 3' end, RSV RNA was partially digested with alkali and the 3'-end fragments (about 300 nucleotides long) were isolated as described in Materials and Methods, digested with RNase T1, and separated. A number of small oligonucleotides were found (Fig. 3D) , but, after digestion with pancreatic RNase, none of these oligonucleotides yielded products consistent with its being identical to number 13 without the capping group. Furthermore, when the same 3'-terminal fragments were annealed with strong stop DNA, which contains the complementary sequence of oligonucleotide 13, and the hybrid analyzed, no oligonucleotide, except the poly(A) (and adjoining A, C, and U residues) was found. Similarly, polyacrylamide gel electrophoresis of such protected 3' material showed only a broad band of size consistent with the poly(A) (Fig. 2 (Table 2) . As previously reported (21) , and as expected from the sequence of strong stop DNA (15) , digestion of oligonucleotide 13 with these nucleases gave products consistent with the sequence:
Digestion of the 3' end with RNase A and U2 yielded products consistent with the sequence: G[(3CCA, (U2,C)A, U4A, CA)]A200 Some additional products were always observed, but digestion of these with RNase A, T1, and T2 yielded only A, indicating that these products are the result of underdigestion with RNase U2 or overdigestion with RNase A. The purity of the 3' material in this experiment is shown by the fact that no G-containing product was detected. However, in some experiments, a higher ratio of CA and two additional products [UA and (U,C)G] were observed in Urdigested 3' ends, and a few additional products, including Gp, were found after RNase A digestion. These additional products were in roughly equimolar yield with the products listed in Table 2 . In such cases, strong stop DNA protected only the products shown in Table 2 . Therefore, the additional products were probably contaminating sequences from another part of the genome.
To further characterize the 3' sequence, unlabeled RSV 70S RNA was digested with RNase T1, the digestion products were labeled at their 5' ends with polynucleotide kinase, and the 3' end was isolated. Digestion of this material with RNase A and U2 yielded pCp and pCCAp, respectively, as the predominant products [along with about one-third as much [32P]poly(A) and pAp, which were probably the result of labeling of free poly(A)]. Therefore, the 3'-terminal sequence can be partially deduced as:
GCCA [(2CCA, (U2,C)A, U4A, CA)]A200.
These results strongly indicate that there could be terminal redundancy of 21 nucleotides in the RSV genome. To confirm this supposition, the 3' end of RSV RNA was isolated by digestion with RNase T1 and poly(U)-Sephadex chromatography as above and annealed with strong stop DNA, and the hybrids formed were isolated after digestion with RNase A and T1. All the products characteristic of the 3' end were found after digestion of the RNA from isolated hybrids with RNase A or U2 ( Table 2 ). Using the sequence data of Haseltine et al. (15), we conclude that the 21 nucleotide sequence, GCCAUUUUACCAUUCACCACA, adjacent to the 7mGppp at the 5' end is also present adjacent to the poly(A) at the 3' end.
DISCUSSION
The experiments described here indicate that the genome RNA of Prague strain RSV, subgroup B, contains a sequence of 21 nucleotides adjacent to the cap at the 5' end that is identical to a sequence at the 3' end adjacent to the poly(A). A similar conclusion can be drawn from a comparison of the results of sequence analysis of strong stop DNA (15) and from direct sequence analysis of the products of oligo(dT)-primed DNA synthesis on Pr-RSV-C RNA templates (23) . The complement of this sequence forms the 5' end of the major in vitro product of the endogenous RSV RNA polymerase reaction.
It has previously been reported by Collett and Faras (24) that labeled DNA chains initiated near the 5' end of the RSV genome could be hybridized to fragments derived from the 3' end of the genome. However, these authors did not show that such hybridization was the result of a redundant sequence rather than of reading across the union of 5' and 3' ends. Furthermore, their claim that primer-containing DNA fragments shorter than 100 nucleotides could hybridize with the 3' end is inconsistent with the results presented here.
These results are consistent with the mechanism of elongation of RSV DNA proposed in Fig. 1 but do not prove it. Although such a mechanism accounts for the elongation of newly synthesized tumor virus DNA from the 5' to the 3' end of the genome, a number of additional questions arise. These include details of how such a transfer actually takes place. For example, it is not known whether the 5' end of the RNA is degraded by the viral DNA polymerase-associated RNase H (12) (which would leave the DNA still attached to the template by the hydrogen bonding of primer RNA), or whether the DNA-RNA hybrid formed by synthesis at the 5' end is denatured and the DNA hybridized to the 3' sequence. Furthermore, it is not known whether the 5'-to-3' transfer of the nascent DNA occurs from one subunit RNA molecule to another or from one end to the other end of the same subunit.
